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The  synthesis,  structure  and  some  properties  of  a  new,  anhydrous,  zinc  ethyl  phosphate  arc  described. 
Zn(02P-(OC2H5)2)2  (ZnPOEt)  crystallizes  in  the  monoclinic  space  group  C2/c  (No.  15)  with  a  = 
22.176  (6)  A,  =  8.042  (2)  A,  c  =  9.088  (3)  A,  B  =96.553  (8)*,  v  =  1610  A3.  ;,«ic  =  1  533  g/cm\ 


p.  =  17.8  cm-i,  and  Z  =  4,  with  R(Fo)  =  6.94%  for  658  observed  refl«:tions  {/  >  3cr(/)J.  The  novel 
structure  consists  of  infinite  1-dimensional  chains  of  vertex-linked  zinc-oxygen  and 
phosphorus-oxygen  tetrahedra  forming  "four-rings":  two  of  the  phosphate  P-0  vertices  are 
coor^nated  to  ethyl  ('C2H5)  groups,  and  the  "herringbone"  crystal  paclang  is  determined  by  van  dcr 
Waals'  forces  between  these  terminal  organic  groups.  Physical  (TGA,  DSC)  and  spectroscopic  data 
(IR,  IH,  and  3ip  NMR)  are  presented.  The  physical  data  show  a  melting,  followed  by  a 
decomposition  reaction,  eventually  resulting  in  Zn(P03)2.  ZnPOEt  is  soluble  in,  and  recrystallizablc 
from,  several  polar  and  nonpolar  solvents:  the  NMR  data  suggest  that  ZnPOEt  maintains  a  "polymeric" 
state  in  solution.  ZnPOEt  is  contrasted  with  its  sulfur  containing  analogue,  Zn(S2P(OC2H5>2)2. 
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The  tynthoBS,  stnicture,  ud  woe  propertia  of  t  acw,  uhydrooi,  zioc  ethyl  pboe^u  ate  dcKtibod.  2a(0:P' 
(OC}Hs}])i  (ZaPOEt)  cryiUllizc*  is  Uw  mooocliiuc  tpacc  groap  C2/e  (No.  15)  with  «  *  ZZHd  (6)  A,  h  ■>  1.042 
(2)  A.  f  -  9.08*  (3)  A,  •  96.353  (I)  *.  K  -  1610  A‘.  ^  -  1.533  |/cai>,  m  •  H  I  an"',  tad  2  -  4,  with  3t(F.) 
w  6.94%  for  638  otaerved  reflectioas  (/  >  3«(/)).  The  novel  ttractorc  coetiiu  of  iaftaiu  l4tmeBii(ml  duuns  of 
vertex-Uaked  ziao-oxygen  aad  pbatpborvx-oxygea  tetnhedn  foraung  *four-rtatt*:  two  of  the  photphetc  P-O 
vertico  are  ooordiaated  to  ethyl  (-C]Hs}  groupa.  aad  the  ‘herhagbooc*  cryttal  paddag  b  dexenaiaed  by  vaa  der 
Waab’  forcca  between  ihete  termiaal  orgaak  groopa.  Phyakal  (TC A,  DSC)  aad  apectroacopic  dau  (IE.  'H.  aad 
^'P  NMR)  are  preaeated.  The  phyatcal  dau  abow  a  meltiag.  fottewed  by  a  deootapoaitioe  rcactioa,  cveatttaUy 
resulting  in  Za(PO))}.  ZaPOEt  is  soluble  ia.  aad  recryauUixaWe  frotn.  several  polar  aad  aoopolar  aolvttis;  the 
NMR  dau  aaggest  ttot  ZaPOEt  mainuias  a  'polymeric*  auu  in  sqIuuob.  2LaPOEt  is  oosttnu^  arith  its  aulfur- 
conuining  aralogue,  Zn(SiP(OC]H]);l}. 


latrodactioo 

Over  the  past  few  years  there  has  been  ooostdcrable  iaterest 
ia  the  structures  and  properties  of  layered  atetal/pbosphorus/ 
Qxygen/organk  phases,  composed  of  orgaaophoaphate  (0>hP* 
(OR)m  n  ■  I,  2  )  or  orgaaophosphoaau  (O^PR)  groups,  in 
oomhinatioo  with  di*  or  trivaleat  meul  kws.  Several  metal- 
organophosphonate  phases,  exempiiTied  by  the  typical  formula 
M(Oa*R)-H jO  (M  -  Mg.  a,  Ma,  Ft.  Co.  Ni.  Cu,  Za,  Cd,  etc.; 
R  w  methyl,  ethyl.  (Aenyl,  etc.)  were  first  prepared  by  Cun¬ 
ningham  et  al. '  and  structurally  studied  by  Alb^  et  al.*  MaUouk 
and  co-workers  prepared  a  number  of  divalent  metal  organo- 
phosphonates  as  single  crystals  and  determined  the  structure  of 
manganese  phenylphosphooau  hydrate,  Mn(0)PC«Hs)-HjO.' 
Clearfleld  and  co-workers  solved  the  structures  of  zinc  phe- 
aylphosphonau  hydrate,  Zn(0iPC»H})-H:0,*  and  zinc  ethyl 
phosphate  hydrau,  Zn(0)P0C]H))«H:0,  and  a  functionalized, 
aaiide-conuining  congener,  ZnfOjjKKiH^NHsKOiCCH)),  by 
X-ray  diffraction  methods.^  TIm  layered  structure  of  VOOHr 
POrHjO  has  been  determined  by  Huan  et  al.,*  and  a  new  family 
of  ferric  phoepbonates  has  been  reported,'  which  oonuin  layers 
of  FeO«  ocufaedra  and  0)PC«Hs  tetrahedra. 

Crysul-structure  studies  have  demoostrated  that  the  shove 
materials  oonuin  2-diinensiottal  layers  of  M-  tad  P-oentered 
polyhedra,  separated  by  organk  groups.  These  phases  have  been 
oonsidered  to  be  model  oompouads  for  the  iadustrially-imporunt 
pillared  clays,'  since  these  structures  have  a  well-defined  and 
predicuble  layer  topology.  Substhutian  in  the  metal  coordination 


*  Authon  for  oortapoadence. 

’  Depsrtnwnt  of  Cbanittry,  liamniiy  of  Howton,  Houston.  TX  77204- 
$64;. 

(1)  Cunningham. D.;Hai»eiy,P.J.D.;Dnea«y.T./iiorf. Chim.Acia  1979, 
J7.95. 

(2)  Alberti.  C.;  Cwuniino,  U.l  Allali,  S.;  Toniaaini.  J.  J.  laofi  Suet. 
Cktm.  t97t.  40.  1113. 

(3)  Cm.  G.;  Ue.  H.;  Lyaeb.  V.  M.;  Mallouk.  T.  E  luorg.  Chtm  I9tt.  27. 
2711. 

(4)  Martin.  K.;  Squstiriio.  P.  3.;  Clarfield.  A.  /aorg.  Chim  Acta  1919, 
153.  7, 

(5)  Oniz-AviU.  Y.;  Rudolph.  P.  R,;  CtearTwid.  A.  /norg.  Cktm.  1999.  28. 
2137 

(6)  Husn,  C.:  Jicobeen.  A.  J.;  Johnson,  i  W  ;  Coroorsn.  E  W  .  ir  Ckem 
Mtttr.  1990,  2.91. 

(7)  Bujoli,  B  ;  PsWidau.  P.;  Rousel,  J.  CArm.  Uattr.  1990.  2.  !!2. 
ft)  Frink.  K.  J.;  Wsng,  R.-C,  CoWn,  J.  L.;  Clarfield,  A  /wg  Chtm 

1991.  50.  1438 


sphere  and  iatercalatioa  reectkas  have  been  deataastnud  for 
several  of  these  layered  phases.'^ 

ia  this  paper  we  report  the  synthesis,  ttructmc,  aad  some 
propertki  of  ziac  diethyl  pho^dute,  Za(0]P(0C)Hs)2)]  (Zn- 
POEt),  a  aew  ziac  orgaaophosphau  which  hss  a  l-dimeasional 
chainlike  rather  than  a  layer^  structure:  these  chaiai  have 
tetrahedral  knk  ooret  turrouaded  by  hydrocarbon  coatings. 
ZaPOEt  is  oompared  to  ziac  0,O4iethyl  dithiophosphate,  Zn- 
(S}P(OCiHs)p]  (21aSEt),'A'i  a  material  which  has  found 
exteasiveapplkabiiityialubncaiiontdcace."  Howcver.ZnSEi 
has  a  chain  connectivity  and  reactivity  different  from  those  of  the 
Buterial  reported  here. 

ripiilswafsl  Tsftlna 

SyathuiB.  The  ZaPOEt  was  prepared  bydrothermtlly:  l.63|o(Z«0. 
29.i4gaftncthyt  phosphate,  (EtO)iPO,s^  20  cm' of  water  spcrepieoad 
ia  a  Tefloa  bottle,  reesliiag  ia  a  whiu  slurry,  which  aas  phKad  ia  a  100 
*C  water  bath,  cadoead  is  a  wtU-vcatilated  fane  bood.  Ethaaol  was 
given  off  (detected  by  its  odor)  and  targe  tTamtaceatcryuah  fa  awd  over 
eevcral  days,  after  whkb  the  eoiutioa  was  oootad,  aad  «pw  waahiwi  with 
enethaaoi.  a  very  large  mass  of  flbroBS,  intergrowa  crynali  was  raoorered 
The  yield  was  $.07  g  (61%  based  on  ZnO).  ZaPOEt  appeui  to  be 
iadcfiaitcly  eubie  ia  air. 

Shrweasa  DeterteiBaaas.  ZaPOEt  crystals  are  extready  soft  and 
easity  damaged,  but  a  good-duality,  sharply  dtffractiag  (lypiotl  weean 
width  w  0.17*),  aeedle-thaped  tnosiuceat  crystal  (dinwnsinesca.  O.S  x 
0.1  xo.I  mB))wuriMUyselectadaadinouBtadonatUaflam{%erwiUi 
cyanoacrylate  glue.  Reom-teenperaturt  (25  (l>*C)iaU»iity  data  were 
collected  on  a  Haber  tutomated  fasr-drcle  difTractotaeur  (grapbite- 
monocbnxnated  MoKa  radiation.  X*  0.710  73  A).tsoathsedin  Table 
I.  A  U)ial  sf  21  (cflactiont  were  located  aad  outcred  by  searching 
reciprocal  space  and  indexed  to  obutn  t  unit  cdl  and  orieautiaa  etsatrix. 
Tbc  lettieeconsunts  were  optimized  by  least  •sduarairefiseeaeat.reettltitut 
in  tbc  followiag  monocliaic  parameteis;  a  w  2X176  (6)  A.  h  *  1042  (2) 
A.C  «  9.0U  (3)  A.  0  •  96.$$3  (8)*.  Kw  1 610  A*.  A  total  of  23$<  Hnk)ae 
iaunsity  data  were  collectad  using  the  6-21  tcanaing  mode  between  0 
end  4$*  in  26,  with  lundard  refleetiom  eDoaitored  for  iateathy  variation 
throughout  the  course  of  tbc  experitnect:  no  ngnificam  variation  in 
ittndardt  was  observed.  The  scan  speed  was  3*/Riia  with  a  sun  range 
of  1 .4*  below  Kot  to  1  .$*  above  Ko}.  Crysul  sbMrptMn  was  monitored 


(9)  Cio.  O :  Msllouk  T  E  /eorg  Cktm  I99|.  30.  (434 

(10)  Ito.  T.;  Igarashi.  T.;  Hagibsra.  H.  Acta  Cryttallotr.  1949, 62$.  2303 

(11)  Burn.  A.  3  ;  Oewan.  S.  K,;  Casaey,  I.;  Tsb.  P.  S  O.  J.  Cktm  See.. 
Ptrkiu  Trans.  1990.  7$3. 

(12)  Ford.  J  F  J  hut  Pti  1961,  $4.  200 
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r«>*»  1.  Cfyst«lloy»phic  Hniaicttn  for  Za(OiPlOCiH>)>)i 

cnpirial  formuU  2aPiO|C|H»  Z  4 

Pw  37t.4  TCO  23(1) 

tpacainmp  a/c(No.  I5)  MMoKa)<A)  0,71073 

a(A)  21174(6)  4m,(1/<>b>)  1.333 

*(A)  1042(2)  MMoKaXoa-*)  17  S 

c(A)  9.068(3)  A(fJ*(»)  6.94 

«((l«f)  96.333(1)  3f,(f,^(»)  6.21 

K(A»)  1610 

•R»WA-  /4/af4- » 

by  uii^  4^icaM  tbrouch  360*  for  twlactad  ttAoction*  with  x  «  90*. 
Afatorptioa  wu  a«fli(ibic.  «iid  ao  oomcticii  wu  applied  t0  tbc  diu.  TIm 
ww«  reduced  uaiat  *  LebiMBa-Lanea  p^ile-nttiap  rautiive.'’ 
ud  tte  aoraul  cofrectioes  for  Loteau  aad  polehuuoa  effecu  were 
made.  AH  (be  d*i«  coUactioa  and  rediictioa  rouiiae*  were  bued  oe  (be 
UCLA  pKkage.'*  Alter  data  uMriiiit  (0  678  uaique  iaienatbca 
(obtembility  critenoe/>  3«<D:IIm  *  14%).fyHcmatieabaeiicca(64/. 
k*ki  Ml,  A,  I;  OAO,  k)  were  eompatiMe  with  fpaee  groapa  Ce  aad  C2/c. 
Tbe  namber  of  obtemed  reflectioea.  eapttaaed  m  a  parccauge  of  (be 
total  number  poaaibieiatbemotybdeaam  sphere.  wa<<iaiy  28%.  However, 
tbit  it  oompetibie  to  tbe  31%  of  reflociim  foead  to  bare  nteatanblc 
iateatitiet  in  the  structare  determiaatioa  of  ZafStPtOCiHs)])].'* 

The  structure  wat  solved  by  direct  metbodt,  atnuaiag  tbe  space  group 
wat  oeaucaymmetnc  C2/e  (No.  13).  at  conlbaad  by  tbe  course  of  the 
Hibaeqiaentrelinemcat.  AcbetnicaUy'reatoaabteditect-metbodtsolutioo 
for  allthenoo-hydragenatocni  was  obtaiaed  from  the  program  skklxs- 
NvreaiODable^ctooiocaticntoouidbedctermioadfroadilfereiKe 
Fotirigsyadtetea.  arid  after  tnitotropicrefiacineat.  all  the  protoBpotitioot 
were tocttedgeometricafly 00 their retpectivecarboBatotBt.  Tbepratons 
were  attached  to  the  ctrbM  atoms  attamiag  tp*  geometry  around  these 
tpedoK  for  the  three  termioal  protOH  attached  to  C(2)  aad  C(4)  tbe 
tatsioe  aa^e  wfO-C-C-H)  for  one  of  the  three  methyl  hydrogen  atoms 
westetatllO*.  The  protoos  were  tbca  refined  by  riding  on  their  respective 
carbon  atoms  with  the  dittaacc  and  aagk  oonstraiatt  of  d(C-H)  ■  0  95 
AandftH-C-H)  ■  l09*.retpocti»ely.  Fiaalagreemcat  factors  of  R(f) 
■  6.94%  and  A,(F)  ■  6.21%  (w,  ■  1)  were  obtaiaed.  as  defiaed  in  Table 
f.  Tbehsut'squareiaadsubttdiarycalculatioiitwcrepcrfornedbyHsing 
the  Oxford  cxystals  tyweat,'*  running  on  a  DEC  mVAX-II  computer. 
Baal  fatt-nutrix  renaemenu  were  against  F  and  included  anisotropic 
temperature  faaors  (hydrogen  thermal  paruffleten  were  not  rtfinM) 
ud  a  secondary  extinctioo  eorrectioo'’  (refined  value  ■  121  (11)). 
Nenmt-atomtcattcriag  factors  were  obtained  from  ref  18.  Final  Fourier 
difTertace  maps  revealed  no  regions  of  significant  electron  density 
(iwinimnin  •  -0.4  e/A*.  maximum  ■  0.3  e/A^).  Tables  of  observed  snd 
mteulattd  structure  factors  are  available  from  tbe  authors. 

X-rsy  powder  dau  (Scinug  automated  PAD-X  dinractometer,  9-4 
Seoraetry,  fiat  ^te  umple,  Cu  Kn  radiation.  X  -  1.341  78  A.  T  -  23 
(2)*C)wtrccoileCTedforacnishedMmpicof2rnPOEL  Thcinstrunienul 
Kai/Koi  profile  wis  reduced  to  a  sin^  Cu  Kai  peak  (X  *  1.340  368 
A)  by  a  strippiag  routine,  and  d  iptcings  were  esuMisbed  using  silicoo 
powder  («  •  5.430  33  A)  as  an  internal  standard,  relative  to  this 
wavefengih.  The  data  were  of  inaafndeni  reaolation  to  reveal  any 
observable  Kai/Kat  splitting.  The  pettcru  could  he  indexed  with 
monodinic  ceil  perameters  determined  in  the  singie<rystal  study,  and 
the  powdm  lattice  perameters  were  optimizad  by  leaat-iduarea  refinements 
using  Sdntag  software  routines,  renting  in  the  rafinM  values  listed  10 
Tableii.  The  peitern  was  successfully  simulated  in  terms  of  line  poaitiees 
and  intensities  with  Lazy-hilvuix'*  using  the  single-crystal  structural 
pnraineten  described  below.  Many  calculated  positions  were  too  weak 
to  be  observed,  but  no  evidence  for  other  phases  was  visible  from  inspeaion 
of  the  powder  dau. 

(13)  Lebounn.  M.  S4  UrKO.  F.  K,  Ana  Cryuattor  I97A  AJO.  580. 

(14)  Dau  collection  and  reduaion  were  comidled  using  a  kiralty  modir.ed 
venioe  of  tbe  UCLA  Crysultognphic  Computing  Pickagc.  developed 
by  C.  E.  Strouse.  Depertinent  of  Chemistry.  UCLA.  Los  Angeles.  C.^. 

(13)  Shddnd(,G. M.SHELXrS-Mt/scrCiiidr.CrysuUoi^pfayDeturtmcru 
University  of  GUtURgen:  GbtUngea,  Gernuny,  1986. 

(16)  Watkin,  0. 1.;  Carruthers,  3.  R.;  Bctterid|c.  P.  W.  CRYSTALS  fir- 
GmJr.  Chemical  Crysullograpby  Laboratory.  Oxford  Univeni;- 
Oaford,  U.K.  1985. 

(17)  Lanen,  A.  C.  lo  CrysralfogrupAfe  Compuiiitg;  Ahmed,  F.  R..  Ec 
Maaksgaard:  Copenhagen.  1970;  p  291. 
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Pram  Birminghem.  U.K.,  1974;  Voiume  IV,  TaMc  2.3.1. 

(19)  Yvoe.  K.;  Jeiucho,  W.;  Parthe,  E.  J.  Appl.  Crynallotr  1977. 10.  *; 


Tabu  a.  X-ray  Powder  Dea  for  Za(OsPfOCiHi>i)i  (Mowoiamic. 
a  «  2X193  (13)  A.  6  ■»  8.041  (4).  c  -  9.091  (8)  A,  6  ■»  96  aa  (♦)•) 
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ImercakltM  SeMUa.  The  novel  itructure  of  ZaPOEt  (vide  infra) 
and  peevioua  stadm  on  simila/oompaunda’-*  suggested  that  totercaia  uon 
of  other  spedcs  in  the  straenre  might  be  pomibie.  No  iactusMa  wu 
observed,  tat  ZnPOEt  is  sofuMe  to  vursous  degraei  is  several  polar  and 
noopoiar  oegsak  soiventa.  iadu^g  methaaoi,  ethanol,  cyclobcxane.  and 

sttbititutsd  xylenes. 

ZaPOEt  WSJ  redimoived  in  hot  watsr,  then  ethanol  was  added,  and 
the  mixture  wes  cooled.  Ciaa(ncadJclifcecrysula(typscaJdiineasioiis20 
XCL3X  0.3  nun)  readily  cryiuUiiad.  The  powder  pattern  of  the  ground. 
recrysuHisad  product  is  MkMicai  to  that  of  tbe  startiag  material,  ZnPOEt 
Tbe  powderud  staning  mauriat  is  sparingly  iduMc  in  cydobexanc  at 
room  temperature,  resulting  in  a  transiuotntsoiutiaa.  Upon  evaporatm. 
poor-duality  crystals  of  tta  starting  phase  of  ZaPOEt  were  recovered. 
ZaPOEt  was  also  dissolved  ia  hoe  xylene,  rtsalfiog  in  a  perfectly  dear 
idaiioa,  wbkh  was  dlcrad  through  0.2-«im  filter  paper  to  ensort  the 
abacaoe  of  grass  nudcaiiag  sites:  no  residne  was  reoaverad.  Cootingthe 
sotuiioa  yielded  crystals  of  the  origtasl  material  with  no  evidence  for 
xylene  incorporation. 

Physlralsn6SpirTrnsn|lt.S(n6im.  DilTertmtial scanning catonmetry 
was  carried  out  oa  ground  crysuls  of  ZaPOEt  using  a  DuPont  2000 
scanning  calorimctsr.  with  a  beating  ratt  of  10  *C/mia.  TGAdsUwere 
ooilected  oa  a  DuPont  9900  thennognvimetric  analysis  machine  in  air. 
using  a  heating  rate  of  10  *C/min.  Tta  infrarod  spncuum  of  a  disk  of 
finely  gnaad  ZnPOEt/KBr  wu  recorded  on  a  BioRad  FTS-60  diffuse 
refleMnce  spectrmnetcr  u  dracrihed  ptevioasly.  ‘H  SMR  dau  were 
oolincted  on  a  Nicolet  NT 300  spectrometer.  A  0. 1 -g  sample  of  ZaPOEt 
wu  diasoived  in  deuterated  methanol,  aad  dau  were  ooilemed  at  300  3 
MHx  (Held  strength  7.03  T)  with  24  acquiaitiona.  ’’P  iiquid-sute  N  MR 
dau  wereohuined  usings  General  Electric  GN-300ip«atomeier  system 
at  121.63  MHx  (field  strength  7.03  T)  with  2122  toquisitiona.  *'P  peak 
poaitions  were  esubtished  rctatrve  to  sUndard  85%  HiPOi. 

Rcsalts 

Cr3ratal  Stractva.  Tbe  uymmetric  unit  of  ZnPOEi  is  shown 
in  Hgure  I,  with  the  complete  unit-ceil  contents  illustrated  in 
Figure  2.  Final  atomic  positional  and  isotropic  thermal  paraffl* 
eten  are  listed  in  Table  HI.  with  selected  bond  disunce/angle 
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1.  OUTS?*’  view  of  the  uynuaetrk  wait  of  Z*(OjP<OCjH5)i)j. 
,l0«nn|  the  ttom  labeling  KheitMioad  20%  profaobititycl&;M»d».  Pratooa 
ut  omiJsed  for  cJariiy. 


Fifw*  Z  Packing  diagiam  for  Za{0]P(OCjHj)])j,  viewed  down  tbe 
b-directioa.  One  chain  is  indicated  by  itippiiag.  sbowing  iMefchaia 
herringbone  packing  in  the  c-directio«  and  inr/ochain  packing  in  the 
o-direction. 

data  in  Table  IV.  The  asymmetric  unit  of  ZnPOEt  consists  of 
one  zinc  atom,  one  phosphorus  atom,  four  oxygen  atoms,  four 
carbon  atoms,  and  ten  protons. 

Tbe  zinc  atom  is  on  a  4>fold  speciai  position  (Wyckoff 
position:  4e;  site  symmetry  2)  and  the  other  atoms  are  on  general 
8-fotd  crystallt^phic  sites.  Both  the  zinc  and  phosphorusatoms 
are  tetrabedrally  coordinated  by  oxygen  atoms:  each  zinc  atrnn 
makes  four  Zn-^P  bonds,  two  via  0(1)  and  two  via  0(2).  to 
two  different  P  atoms.  Tbe  P  atom  is  surrounded  by  one  each 
of  the  mystaUographicaUy<di$tinct  oxygen  atoms  and  bonds  to 
twodistinct  zinc  atom  neighbors,  via  0(  1 )  and  0(2).  The  average 
Zn-O  bond  length  is  1 .90  ( 1 )  A,  and  the  average  0>Zn-0  angle 
is  109  ( 1)*.  Values  for  the  PO4  tetrahedron  are  1  .ed  ( I )  A  (oxygen 
atoms  bonded  to  P  and  Zn),  1 .55  (2)  A  (O's  bonded  to  P  and  C), 
and  109  (2)*  (O-P-0  angle).  Due  to  the  large  thermal  factors 
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of  the  chain  atoms,  a  rigid* body-motion  aaaJyaa*  wu  carried 
out  for  the  Zn04  and  PO4  groups.  The  behavior  of  both  moieties 
could  be  succasfuUy  described  by  the  L  oompancat  of  the  TLS 
analysis,  with  the  T  and  S  compoaentt  having  negligible 
magnitudes,  indicating  that  Ubration  about  the  central  atom  was 
thedominantgroupmotioo  for  both  ipecict.  Libratxw-oorrectod 
hood  lengths  for  Zn-O,  P-O  (to  Zn),  and  P-O  (to  C)  were 
cakuiated  to  be  1.92  (1).  1.50  (1),  and  1.62  (1)  A.  respectively, 
whilst  the  oorreaed  bond  angla  were  vmosUy  unchanged  from 
their  ss-renned  values.  This  connectivity  of  Zn,?.  and  O  creates 
an  iafuiite  chain  of  rtoichioffletjy  ZaP:04**,  which  propagates 
in  tbe  c  unit  cell  dixeciioe.  Tbe  other  two  ^caphorus  vmices 
(0(3)  and  0(4) )  are  i«rt  of  the  ethoxidc  (-OEt)  groupa.  resulting 
in  a  chain  (and  molecular)  sunchiometry  Zn(0}P(OEt)2>3. 
sdtematically  illustrated  in  Figure  3.  By  wayofcootradistincuon, 
tbe  thermal  parameter  situation  in  the  related  21n(S2P(OEt)i)3  ' 

could  not  be  succeasfuliy  analyzed  by  a  rigid-body  vibration 
formalism. 

There  are  two  distina  ethoxy  orniniurationt  in  each  chain  in 
ZaPOEt.  Adjacent  -OEt(  1 )  units,  omnposed  of  -0(3)-C(  I  )- 
C(2)  (hydrogens  omitted),  packed  in  an  interleaved  ‘herringbone* 
configuration  with  next-neighbors  in  the  remr  chain.  Adjacent 
-OEt(2)  groups  (-0(4)-C(3>-C(4))  form  a  herrringbone  array 
with  the  equivalent  group  in  mf/'oceiu  chains.  Thus,  there  arc  no 
direct  connections  or  hydrogen  bonds  betwea  adjacent  chains, 
and  van  der  Waab’  interchain  conua  in  tbe  e-directioo  u  na 
corrugated  sbceu  of  -OEt(  I )  groups  and  in  the  h-direction  u  via 
interleaved,  berringbcHK  contacts  of  -OEt(2)  entities.  Oxygen- 
carbon  torsion  angles  (p)  for  both  ethoxy  chains  arc  similar  for 
P(l>-0(3)-C(  1  )-C(2).  w  -  1 75  ( 1  )•  and,  for  P(  I  >-0(4>-C(3)- 
C(4),  ^>173(1)*,  indicating  that  both  chains  are  dose  to  their 
ideal  anti  conriguration.  expeaed  on  simple  steric  grounds  alone. 
Close  interchain  nonbond^  C-C  conucts  include  C(l)-C(4) 
(4.05(3)A).C(3)-C(3)'(4.01  (5)A).andC(2>-C(3>amJC{:) 
C(4)  (both  4. 1 6  (3)  A),  in  good  agreement  with  expected  van  der 
Waab's  contacu  for  these  methylene  and  methyl  species  and 
simitar  to  the  values  determined  for  nonbinding  C— C  contacts 
in  the  sulfur-conuining  analogue,  ZnfSsPfOEt)!):.'* 


(20)  Shoemaker.  V.;  Trueblood.  K.  N  Acta  Cryttallofr  laS*.  63 

(21)  Cruickshink.  D  W  1  Acta  Crystallofr  IHl  14. 1% 
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n|w«  3.  Schematic  views  of  the  cheie  oonoeccivity  ia  (i.  top)  Zo- 
(ChP(OC]H))2)]  and  (b,  bottom)  ZB(SiP^OCiHi):^sho«hai|tbe(iiMinct 
*dooMe'  ami  ‘sinfle*  tetrahed^  chaiat.  rcspectivcijr. 


However,  the  Zn/S/9  and  chain-chain  connectivities  in  Zn- 
(SiPlOEt)})]  arc  different  from  the  situation  in  ZnPOEt  (see 
Figure  3).  Topologically,  in  ZnPOEt,  each  diethyl  phosphate 
group  bridges  two  adjacent  zinc  atoms,  leading  to  a  ch^  of 
(O-atom-bridged)  ‘four-rings*  of  Za  and  P  centers,  white  in 
ZaPSEt,  one  f7,Odiethyt  dithiopbosphate  group  bridfcs  adjacent 
zinc  atoms,  and  the  other  chelates  to  the  some  Zn  atom.  Hence, 
in  ZnPSEt,  a  single  Z»-S-P-$-Zn  ‘polymeric*  strand  propagates 
through  the  structure,  as  opposed  to  the  double  strand  in  ZnPOEt 
This  difference  is  doubtless  partly  due  to  a  size  effect  (d(Zo-O) 
~  1.94  A,  d(Zn-S)  --  2.36  A),  but  it  is  also  worthy  of  note  that 
in  ZnPSEt  the  van  der  Weals'  bonding  interactions  are  more 
complex,  also  involving  S— C  interactions  as  short  as  3.7  A.'> 

Stractarc  Analysis.  A  variety  ofanalytical  methods  have  been 
used  toooniirm  and  elaborate  upon  the  Zn(O]P(OEt)0]  repeat 
unit  of  this  structure,  as  determined  by  X-ray  crysullography. 
A  TG  A  analysis  of  this  material  reveals  the  onset  of  decomposition 
(km  of  diethyl  ether)  at  about  225  *C,  with  the  reaction  being 
complete  at  325  *C.  The  residue,  heated  to  800  *C,  showed  a 
dean  X-ray  diffraction  pattern  of  ZnfPOs)].  The  weakness  of 
the  van  der  Waais'  bonds  between  chains  is  indicated  by  the 
softness  of  the  crystals  and  the  fact  that  a  DSC  analysis  dM  not 
show  a  heat  effect  at  the  melting  point,  but  only  the  endothermic 
decomposition  at  about  300  *C.  Carefully  dried  ZnPOEt  melts 
at  168-175  *C  toasyrup  which recrystallizes  toa  product  identical 
to  the  original  material  (comparison  of  X-ray  powder  patterns 
(if  the  cooling  is  carried  out  slowly  enough.  However,  bolding 
the  ZnPOEt  syrup  at  200  *C  for  2  days  suffices  to  vaporize  all 
of  the  organic  moiety,  leaving  a  dark-colored  amorphous  residue. 

As  noted  above.  ZnPOEt  is  soluble  in  water,  methanol,  and 
xylenes.  The  length  of  the  oligomeric  unit  (in  aqueous  solution) 
has  been  studied  through  the  use  of  'H  and  ’’P  NMR. 
Disregarding  solvent  peaks,  the  characteristic  methylene  and 
methyl  peaks  of  the  -^Et  side  chains  of  ZnPOEt  are  evident 
(Figure  4a):  a  quintuplet,  centered  at  2.729  ppm.  is  attrlbuubie 
to  the  methylene  group;  these  two  protons  are  split  into  a 
quadruplet  by  the  methyl  protons.  It  is  then  further  split  by  the 
phosphorus  into  a  doublet.  For  the  methyl  group  (Figure  4b). 
a  dutinct  triplet  centered  at  0.690  ppm  it  shadowed  by  a  much 


Flfwte,  NMR$pectnfarZB(0]P(OCiH>)]}>:  (a) methylene (-CHr-) 
procooK  (b)  methyl  (-CHj)  pmtaas;  (c)  pbospbores  atoms. 


smaller  triplet  centered  at  0.755  ppm  (  Vh  7-2  Hz,  Vm  I  -27  Hz). 
A  peak  integratioa  shows  that  the  larger  set  is  in  a  5: 1  ratio  with 
the  smaller  set. 

One  explanatioa  for  the  ‘double*  methyl  signal  is  that  the 
solution-phase  zinc  organophospbonate  is  made  up  of  a  distinct 
number  of  repeating  Zn(OiP(OEt)])i  units.  TIw  end  uniu' 
protons  will  be  different  than  the  inner  units'  protons,  as  seen  by 
the  observed  shift  and  by  the  small  doublet  splitsdue  to  phosphorus 
coupling.  An  approximate  chain  length  hu  been  determined  by 
integration  to  contain  two  end  and  ten  inner  units,  for  a  total  of 
twelve  zinc  diethyl  phosphate  units  in  a  chain.  i.e..  fZn(0}P- 
(OEt)j)ilii.  Conversely,  for  Zn(SiP(OEt)i)i.  a  monomeric 
solution  species  wu  indicated.'** 

The  **PNMR  spectrum  of  ZnPOEt  (Figure  4c)  shows  a  singlet 
at 0.849  ppm,  with  a  slight  shoulder  at  approxitiutely  0.820  ppm. 
This  too  can  bekaplaiaed  as  two  different  phosphorus  atoms,  one 
greatly  outnumbering  the  other  due  to  unit  location  on  the  chain. 
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Flfwc  5.  Infrared  ipectmin  of  Zfl<ChP<0CiHs)i)r- 

The  diffuse-reflecunoe  infrared  ipectrum  of  ZnPOEt  is 
illustrated  in  Figure  5.  TbemetliaiKaadinethyieiMC-HttrctdMi 
are  evident  from  2800  to  3000  cm*',  the  P~0-C  (aliphatic) 
itretches  in  the  220O-2SOO-cin''  and  the  lS00-cm~'  regions,  and 
the  Za/V/O  ‘framework*  in  the  region  1000-300  an'*.  These 
latter  tends  are  qualiutively  similar  to  those  observed  for  other 
metal-organophosphonate/phosptete  phases,'  while  the  char- 
.  acteristic,  strong  O-H  stretch  bands  seen  in  maurials  which 
contain  a  metal>coordinated  water^  (a  3300-3300  cm*')  are 
absent  in  this  structure.  We  attribute  the  weak  -OH  broad¬ 
band  stretch  to  be  from  water  in  the  KBr  used  for  dilution  of  the 
sample. 

Discnssion 

ZnfPOifOCiHs)])]  (ZnPOEt)  represena  yet  another  type  of 
line  organophosphate,  distinctly  different  from  previously  known 
species.  In  Zn(0]PC«Ht}*HtO,  the  zinc  atom  is  octahedrally 
coordinated  by  phosphonate-group  oxygen  atoms  and  water 
molecules,  resulting  in  a  layerlike  ‘took*  stractuic,  srith  the  phenyl 
groups  separating  adjacent  sheets.  A  tiinilar  structure  was  also 
found  for  Mn(0,PC«Hs)*HiO.  In  Zn(0>P0C2H5)*H,0  (Zn- 
POEtW)  and  ZnfOjPOCjH^NHjXOiCCH,)  (ZnPOEtN),  the 
zinc  atom  is  tetrahedral,  with  one  venex  occupied  by  a  water 
m^ecule  in  ZnPOEtW  and  one  vertex  by  an  acetate  ion  in 
ZnPOEtN.  These  species  are  also  layered,  and  H  bonding  plays 
an  important  role  m  establishing  the  structure,  as  well  u  van  der 
Waais’ interlayer  bonding.  Themobilityoftbecoordinatedwater 
in  the  NKOjPRj'HiO  structures  has  already  been  demonstrat¬ 
ed. 

Aecesion  For 
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In  ZnPOEt,  as  in  ZaPSEt,  ckaiiu,  rather  than  layers,  arc  the 
structural  mottf,  whkh  here  may  te  ooosidcred  to  have  “ionic* 
Zn/P/O  oorts  and  'covalent*  C/H  exuaior  surfaces.  The 
tetrahedral  zinc  alon  ouly  sees  oxygen  itoms.  alt  of  wfakh  arc 
bound  to  ethyl  phosphate  groups  u  Za-O-P  links,  with  cypicsl 
booddistaoce/an^paratoeten.  Tbcreareaolayo'-bttilttif  H 
beads  in  ZnPOEt.  and  adjaocm  chains  arc  only  loosely  hooded 
through  vsB  dcr  Wails'  foetes.  The  oombittstion  of  the  iouic 
core  sod  hydrophobic  exterior  ^  these  chains  allows  ZnPOEt  U3 
dissolve  in  several  polar  md  noupdar  solveats,  hut  no  iadussoa 
chemistry  hat  yet  been  shown  to  oocur.  Spectral  data  sug^t 
an  average  length  of  about  12  repeating  anils  of  the  ZnPOEt 
chain  in  methanol  soiutioo. 

ZnPOEt  shows  certain  cbaracterisik*  of  a  polymer,  viz.  the 
infinite  bydrof^iobic  chains,  inieractuii  through  van  dcr  Wult' 
forces.  However,  in  ZnPOEt  these  chains  arc  highly  aUgnod. 
presumably  by  bosulittg  requiremenu  of  the  zinc/Ntesphate 
I-dimcnskwal  oore,  to  the  extent  of  forming  a  normal,  sharply 
diffracting  crystal,  ahhougb  the  large  thermal  facton  of  the 
terminal  ethyl  groups  (vide  supra)  indicau  a  oo&tiderabie  degree 
of  statk/dynamic  disorder  in  these  groups.  Questions  such  as 
the  relative  importance  of  koic  boading  in  the  chsin  oorts  and 
covalent  intcraetkas  of  the  hydrocarbon  chain  exienors  and  if 
the  chains  may  make  coiltetiot  motion  relative  to  each  other 
needtoberesolwed.  ZnPOEt  may  even  serve  as  a  osode!  compound 
for  highly-aligned  polymers.'^  and  further  experiments  are  now 
in  progress  to  examine  these  effecu  in  ZnPOEt  sod  relstsd 
materials.  ZnPSEt  has  been  used  extensively  u  an  antiwear  and 
antioxidant  in  lubrkants."  Whether  ZnPOEt  has  any  techno¬ 
logical  appUcadon  u  an  oil  additive  also  merits  ^nher 
investigation-far  instance,  the  above  experiments  indicate  that 
it  (ZnPOEt)  sppean  to  be  more  resUiaot  to  degradation  by 
hydrolysis  t^  iu  sulfur-containing  analogue." 

Iriiin  liilfrt  We  thank  Nancy  Keder  for  crystaOograpbk 
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